Conjugative transfer of R plasmids R64 and R64drd-11 has been compared in vitro and in vivo without selective pressure by antibiotics in a simplified experimental system; the ecosystem was the bowel of germfree chickens, with the host bacteria almost isogenic, and the plasmids differing only in their conjugative transfer frequency. The spread of repressed and derepressed (drd) R plasmids in recipient bacterial populations was very extensive. The repressed phenotype had only a transient effect during the first 4 h. The level of implantation of the donor bacterial population seems to be of minor importance. Only with a poor recipient (con strain) could the spread of R plasmids be reduced and a steady state with a predominantly sensitive bacterial population be established. It is suggested that this steady state results from an equilibrium between the frequencies of R plasmid transfer and loss.
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Conjugative transfer is a frequent property of enterobacterial plasmids in general and R plasmids in particular. This complex and multigenic mechanism has been observed in the laboratory (in vitro) and seems to exist also in nature, particularly in the gut of animals and humans (in vivo) (13) .
The intestinal ecosystem of monogastric animals is complex and open (37) . Their procaryotic floras are extremely dense and include, among the major groups of microorganisms, strictly anaerobic species (10'0/g of feces) and Enterobacteriaceae (106 to 108/g of feces). The variety of species, mixing, and high bacterial density may be favorable conditions for conjugative transfer. But it is difficult to quantify in vivo transfer, and little is known about the major parameters controlling its occurrence.
Epidemiological studies on antibiotic resistance in bacteria (7, 9, 12, 14, 28, 39, 48) and direct data obtained from contaminated humans (1, 4, 6, 32, 33, 40, 42, 50) or animals (13, 16, 17, 21, 34, 41, 43, 44) give evidence of an in vivo transfer with or without antibiotic selective pressure. A higher proportion of transconjugants is usually obtained in the presence of selective antibiotics (3, 4) .
Experiments involving germfree animals contaminated by a donor and a recipient population show the existence of an important plasmid transfer (22, 23, 31, 35, 36, 47) . This artificial system is a means of simplifying experimental models and allowing the comparison of experimental results to theoretical models such as those of Anderson and Lustbader (5) or Stewart and Levin (46) . These authors have considered three important parameters: the growth rate, the conjugative transfer frequency, and the plasmid rate of loss through segregation. Their model is restrictive because the plasmids are not bacteriocinogenic and are independent of the chromosome, and because plasmid maintenance is not imposed by selective pressure.
We have applied the same restrictive conditions to a qualitative and quantitative study of in vivo conjugative transfer in a simplified experimental model. The ecosystem was the germfree chicken gut. The contaminating strains used were derived from the same parental strain in order to work with an almost isogenic bacterial system. Plasmids were non-colicinogenic and differed only in their fertility properties. This well-controlled system, with no antibiotic selective pressure, seemed to fulfill the previously mentioned conditions. We measured the rate and level of in vivo conjugative plasmid transfer and their variation resulting from different transfer frequencies determined either by a plasmid or by a chromosomal muta -ion.
MATERIALS AND METHODS
In vitro studies. (i) Bacterial strains. The bacterial strains used were all derivatives of Escherichia 327 (19) . R64drd-11 is a mutant of the same plasmid derepressed for fertility (29) .
(iii) Media. L broth (LB) (24) was used as a rich medium. For the selection of auxotrophic mutants, a minimal medium (MM) was used containing (per liter): KH2PO4, 3 g; K2HPO4, 7 g; (NH4)2SO4, 2 g; and FeSO47H20, 0.5 mg. This was supplemented with 0.2% glucose and 1 ,ug of thiamine per ml. Amino acids (arginine, histidine, leucine, proline, and threonine), when needed, were added to a concentration of 40 ug/ ml.
(iv) Antibiotics. The drugs used were ampicillin (20 ,tg/ml), streptomycin (2,000 ug/ml), and tetracycline at 20 ug/ml in LB and 1 ug/ml in MM because of the much lower minimal inhibitory concentration of the strains on this latter medium.
(iv) Bacteriophage and transduction. Phage Plvir (11, 24) was used for transduction. Phage stocks were prepared on the Escherichia coli prototrophic strain BM21. Transduction of bacterial markers was accomplished as described by Lennox (24) . BM1701 (Thr-, Leu-, Pro-, Arg-, His-) was transduced in two steps either for Arg+ and His' characters (BM1705) or for Leu+ and Pro' characters (BM1710). The conI mutant, BM1712, was similarly transduced for Arg' and His+ (BM1719) and for Leu+ and Pro+ (BM1717).
(v) Plasmid-conjugative transfer. For the plasmid-conjugative transfer (49) , matings between exponentially growing cells were carried out at a donor/ 
RESULTS
To fulfill the conditions defined in the introduction, precise bacterial strains and plasmids were chosen for this study. Strain BM1701 (AB1157) is a well-known polyauxotrophic E. coli K-12 strain harboring neither plasmids nor phage. Its auxotrophic characters did not alter its growth rate in MM or LB. To work with an isogenic bacterial system, donor and recipient bacteria were all derivatives of BM1701 constructed by transduction.
The transferability of plasmid R64 has been shown to be unaltered by anaerobiosis (8) , which is an essential condition for an in vivo study in the gut. Variations in the transfer frequency were introduced by using either a fertility-derepressed mutant of plasmid R64 (R64drd-11) or a bacterial conImutant exhibiting a lower ability to accept plasmids of the IncIj incompatibility group (22) .
In vitro studies. The first experiments described the basic properties of the system: (i) the transfer frequency of plasmids R64 and R64drd-11 in conI and conI+ strains; (ii) stability of the plasmids; and (iii) frequency of integration of the plasmids into the chromosome.
The transfer frequencies of plasmids R64 and R64drd-1 1 in strains conI and conlI were measured in crosses carried out for 30 min at 420C, and the results ( Table 2) showed different levels of transfer inhibition for the different combinations of phenotypes. The maximum inhibition was obtained with the combination of a repressed fertility in R64 and the conI bacterium as recipient. The transfer frequency was lowered by a factor of 300 compared with the frequency of R64drd-11 transfer in a conli recipient.
The rate of loss of R64 and R64drd-11 plasmids in the parental strain BM1701 and its derivatives was less than 10-2 after eight generations in LB as measured by replica plating. The rate of loss of R64drd-11 in BM1701 was equal to or less than 5 x 10-4 as measured by the tetracycline-ampicillin treatment.
Integration of plasmid R64drd-11 in the bacterial chromosome was measured through the mobilization and transfer of chromosomal markers into the recipient strain. The frequency of Arg+ His' markers transfer into the Arg-His-BM1710 strain after mating with an Arg+ His' BM1705 donor was not significantly different from the spontaneous reversion frequency of these auxotrophic characters (10-7). Therefore, chromosome mobilization did not seem to occur. In vivo studies. Two sets of experiments were performed. In the first (experiments a, b, c, and d) a direct method of determining the various bacterial populations was used. The existence of a small proportion of plasmid-free recipients could not be excluded by this method when the total population of transconjugants was roughly equivalent to the total population of recipients (experiments a and b). The exact proportion of plasmid-free recipients was determined by replica plating in a second set of experiments (experiments e, f, g, and h).
(i) Experiment a. Experiment a (Fig. 1) consisted of a cross between BM1707 and BM1710. 
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The recipient conli population received the derepressed R64drd-11 plasmid at high rate and level. Between days 3 and 7 after inoculation, the whole recipient population appeared to have stably acquired the plasmid, in spite of the poor implantation of the donor strain.
(ii) Experiment b. Experiment b (Fig. 2 ) consisted of a cross between BM1730 and BM1710. The effect of the R64 repressed phenotype on the frequency of transfer was observed only in the first sample (at 4 h). From 24 h on, the results were similar to those of experiment a.
(iii) Experiment c. Experiment c (Fig. 3 Fig. 1. strain. From day 3 to day 15, a steady state was observed in which the potential plasmid-free recipient population was present at a higher concentration than the transconjugants.
(iv) Experiment d. Experiment d (Fig. 4 ) consisted of a cross between BM1730 and BM1717. The data are similar to those of experiment c, except that the repressed phenotype of R64 results in a more pronounced transfer inhibition during the first 3 days (10-3 to 10-4). From then on, the same steady state was observed.
(v) Experiments e, f, g, and h. A second set of experiments was performed under the same conditions and confirmed these results. The number of chickens studied in each cross was raised from three to nine, and the relative proportion of transconjugants and potential recipients was measured by replica plating. In experiments e and f, corresponding to a and b, the transconjugant population remained 10 to 100 times higher than the plasmid-free recipient population at the steady state. In experiments g and h, corresponding to c and d, an opposite situation occurred: the transconjugants re-330 SANSONETTI ET AL. enic animals (22, 23, 31, 35, 36, 47) . The results were very reproducible from one experiment to another and from one animal to another. Preliminary experiments had shown that equivalent results were obtained, whatever the order of inoculation of both strains (from 2 min to 5 h) or the number of cells in the inocula (from 103/ ml to 109/ml).
The in vivo acquisition of an R plasmid as a function of the transfer frequency determined by the plasmid itself or by the recipient bacteria leads one to observe that transfer of the derepressed plasmid to the conI+ recipient population occurred early and at a high level, followed by a steady state between the Tcr transconjugants and the potential Tce receptor favoring the transconjugants. On the other hand, transfer of both plasmids in the conl recipient was drastically reduced and was followed by a steady state favoring the plasmid-free recipient. Whatever the recipient, the difference between the repressed plasmid and its derepressed mutant was only transiently detectable shortly after contam-ination and exerted no influence on the transconjugant population level at the steady state.
Three basic models can be proposed for the in vivo transfer of plasmids in dixenic animals: (i) a one-step transfer model where each donor finds its own recipient, with an immediate acquisition of the plasmid by all the recipient population; (ii) a second one-step transfer model in which the plasmid is transferred to a few recipients, the small initial number of transconjugants overcoming the rest of the recipient population as a result of an unknown selective advantage; and (iii) a multistep transfer model in which the donor transfers its plasmid to a small number of recipients, with these few initial transconjugants further transferring the plasmid to the whole recipient population through a "chain reaction transfer."
The first model involving direct transfer would fit a system where the transfer frequency is low and where the transconjugant population remains at a low level, which was not the case in the experiments described here.
The second model would be consistent with an antibiotic selection pressure selecting for donors and transconjugants versus the recipient which would be killed or inhibited. This is probably the case in nature when antibiotics are introduced into a given ecosystem. In the absence of that particular selection pressure, selective advantage or disadvantage provided by R factors is difficult to evaluate (2) . Thus, the second model seemed unlikely because it would imply a drastic selective disadvantage for the plasmid-free population. In fact, elimination of the potential recipient population was not observed at the steady state.
The third model (multistep transfer) is favored by the observation of an efficient transfer in experiments a and b in spite of a rapid decrease in the donor concentration. The fact that the repressed fertility of R64 had only a transient effect favors the idea of a rapid "retransfer" by new transconjugants in a derepressed way, as observed in vitro (13) , and is consistent only with the third model.
In spite of an extensive genetic homology of the strains used, the leu pro derivatives of AB1157 exhibited a low implantation ability as compared with the other derivatives of the same strain. They were regularly eliminated from the bowel, either as donors or recipients, in the presence of leu+pro+ strains, although they were able to establish themselves at the usual level of 106/g to 109/g in monoxenic chickens as well as in the presence of the conI strain. The reasons for this unexpected behavior are not known and are presently under investigation. It was thus impossible to use the results of some reciprocal crosses because of the elimination of the recipient strain. Nevertheless, when the relevant strains were used as donors, this low implantation enabled us to show that a strong and persistent implantation of the donor population is not an essential requirement for a rapid and efficient transfer in vivo.
The importance of three other essential parameters of in vivo conjugative-plasmid transfer can be emphasized. (i) Plasmid transfer repression had a weak and short-lived effect that should be ascertained by the study of other more repressed plasmids. (ii) The recipient ability seems to be of greater importance, since the conI mutation is able to reduce durably the spread of an IncIi R factor. (iii) Plasmid stability may be essential, as suggested by the observation of a steady state between transconjugants and potential recipients whatever the cross. As pointed out by 46) , it can be explained in terms of a competition between the transfer activity of the plasmid and its segregational loss rate. It thus seems necessary to test the effect of segregation with seg bacterial mutants unable to maintain plasmids.
The association of con and seg mutations could be useful in an attempt to control plasmid spreading in more complex natural ecosystems.
